, taking into account relativistic effects that scale approximately as the square of the atomic number. However, for the transfermium elements (those with atomic numbers greater than 100), the atomic structure is experimentally unknown. These radioactive elements are produced in nuclear fusion reactions at rates of only a few atoms per second at most and must be studied immediately following their production 4 , which has so far precluded their optical spectroscopy. Here we report laser resonance ionization spectroscopy of nobelium (No; atomic number 102) in single-atom-at-a-time quantities, in which we identify the ground-state transition 1 S 0 → 1 P 1 . By combining this result with data from an observed Rydberg series, we obtain an upper limit for the ionization potential of nobelium. These accurate results from direct laser excitations of outer-shell electrons cannot be achieved using state-of-the-art relativistic manybody calculations 5-8 that include quantum electrodynamic effects, owing to large uncertainties in the modelled transition energies of the complex systems under consideration. Our work opens the door to high-precision measurements of various atomic and nuclear properties of elements heavier than nobelium, and motivates future theoretical work.
. The prevailing strategy includes deducing many of the atomic properties from detailed knowledge of the electronic configuration, which is subject to strong relativistic effects. This approach has driven optical spectroscopy research programmes for many years, yielding detailed insight into the atomic structure of elements up to einsteinium 1 , including precise values for their ionization potential. The heaviest element for which optical spectroscopy has hitherto been reported is fermium, with atomic number Z = 100 (ref. 10) . A sample of about 10 pg of 255 Fm with a half-life of T 1/2 = 20.1 h facilitated resonance laser ionization spectroscopy experiments 11, 12 . In contrast, the transfermium elements do not occur naturally on Earth, and macroscopic samples cannot be synthesized. These elements are typically produced at large accelerator facilities by heavy-ion-induced fusion-evaporation reactions, which yield only low rates. Some of their atomic properties have been accessible in aqueous-phase and gas-phase chemical studies 13, 14 . Only recently was the first ionization potential experimentally determined for lawrencium (Lr; Z = 103), by applying surface ionization techniques 15 . Advancing optical studies to be applicable to transfermium elements necessitates fast spectroscopy techniques with extreme sensitivity 4 . Challenges in this research field include producing transfermium atoms, separating them from undesired species that are inevitably co-produced, and manipulating and detecting them within seconds of their production. In our experiments we applied a radiation detected resonance ionization spectroscopy (RADRIS) technique 16, 17 , using a two-step photoionization process 18 for ionizing nobelium atoms (Z = 102). Similar techniques have previously been used for laser spectroscopy of short-lived americium fission isomers at production rates as low as ten per second 19, 20 . However, an extensive search for atomic transitions within a spectral range proposed by stateof-the-art model calculations is required for such an approach to become feasible for elements such as nobelium. Unambiguous identification of the atoms is achieved via their unique radioactive decay fingerprint 21 . The isotope 254 No with a half-life of T 1/2 = 51.2 s was chosen for the first laser spectroscopy experiments. This isotope was produced in the two-neutron evaporation channel of the complete-fusion reaction 48 Ca + 208 Pb. The fusion products, emerging from a thin 208 Pb target, were separated in-flight from the intense 48 Ca primary beam by the Separator for Heavy Ion reaction Products (SHIP) 22 at the GSI Helmholtzzentrum für Schwerionenforschung. About four 254 No ions per second were implanted in a buffer-gas stopping cell installed in the focal plane of the SHIP 4 . These ions were thermalized in 95-mbar high-purity argon gas and accumulated and neutralized on a tantalum catcher filament (see Methods). For a short time during every measurement cycle, the incoming flux of 254 No ions was turned off and the adsorbed nobelium atoms were evaporated from the filament by heating it briefly to a temperature of about 1,350 K. Nobelium atoms in the ground state 5f 14 7s 2 1 S 0 residing in laser-beam paths in the vicinity of the filament undergo element-selective ionization in a two-step excitation scheme (Fig. 1a inset) . The ionization proceeded by resonantly exciting the singlet state 5f 14 7s7p 1 P 1 with ultraviolet light from a tunable dye laser (wavelength, λ 1 ), followed by a second excitation into the continuum beyond the ionization potential with ultraviolet light in the wavelength range 349-353 nm (λ 2 ) from a more powerful excimer laser. Induced photo-ions are subsequently guided by electrostatic fields to a silicon detector where the characteristic α decay of , which focused on quantum electrodynamic effects. Nonetheless, about 6,110 laserscan steps needed to be conducted before this elusive first-step resonance was discovered. In Fig. 1a (triangles) we show the observed resonance in terms of normalized α -decay count rates. A relatively high laser power was initially used, which was favourable for an efficient level search leading to a power-broadened transition. The resonance is centred at a wavenumber of ν λ = / = . − . Table 1 .
Having located the resonance in 254 No, we increased the spectral resolution to measure the isotope dependence of the 1 S 0 → 1 P 1 transition energy by reducing the laser intensity. In Fig. 1b we show the measurement of the same transition in 252 No (T 1/2 = 2.4 s), which was produced under similar conditions using a 206 Pb target. Successful spectroscopy was achieved, with implantation rates of less than one atom per second delivered to the buffer-gas stopping cell indicating the high efficiency of our set-up (Methods). We observed a signal displacement-the isotope shift-of about 0.32 cm −1 , which is due to a difference in nuclear size and shape (S.R. et al., manuscript in preparation).
To further confirm the identification of the 1 P 1 state, we measured the saturation characteristics of the first-step resonance; see (Table 1) , which supports our claim that the short-lived 5f 14 7s7p 1 P 1 atomic state was observed.
We also observed several high-lying Rydberg states in 254 No (Fig. 3a) . The first excitation step was set to the resonance at ν = . the same Rydberg series, were observed. Sampling in an extended scan range revealed further peaks belonging to the same series, which could not be assigned unambiguously.
In the absence of perturbations originating from the interaction with buffer-gas atoms, the transition energies from the excited 1 P 1 state to Rydberg states hν 2 (n) follow a trend described by the Rydberg formula 18 : hν 2 (n) = hν lim − R m /(n − δ) 2 . Here, hν lim = E IP − hν 1 denotes the ionization limit for the excited state, E IP is the ionization potential, h is the Planck constant, ν ν λ = = / c c 1,2 1 ,2 1,2 are transition frequencies, with c denoting the speed of light, n is the principal quantum number of the valence electron, R m is the reduced-mass Rydberg constant for 254 No and δ is the quantum defect. In the firstorder Ritz expansion 25 , the quantum defect can be expressed as δ(n) = δ 0 + B/(n − δ 0 ) 2 with the fitting parameters δ 0 and B. In the upper panel of Fig. 3b , the positions of the observed peaks are plotted against their principal quantum number n. The assignment of n was based on restricting the quantum defect to be between 0 and 1 (that is, arbitrary), because the outcome of the analysis remained unaffected by this choice. The best fit to the data showed a convergence towards the 1 . From higher-order corrections in the quantum defect, we estimated a maximum systematic error of + 10 cm −1 for the given value. Shifts in the atomic spectra due to the buffer-gas pressure were neglected because these are expected to be not greater than 0.5 cm −1 . However, experimental observations when delaying the non-resonant ionizing laser pulse suggest a fast quenching of the 1 P 1 state, induced by buffer-gas collisions, into a potentially longlived, but energetically very close, atomic state. Hence, the observed series is not necessarily excited from the 15 . In analogy to the lanthanides, the lighter homologues, this corroborates the scenario of closed 5f and 7s atomic shells in nobelium.
In summary, we successfully performed laser spectroscopy of the element nobelium using the ultra-sensitive and highly efficient RADRIS technique. This provides a basis for future experiments, in which atomic-level energies of nobelium, including the first ionization potential, can be determined with unprecedented precision. The data provide the foundation for future theoretical work, which in turn guides experiments. This work opens up the possibility for laser spectroscopy of the heaviest elements, including those beyond nobelium that are accessible in even lower yield and have a different atomic structure. An example is the heaviest actinide element, lawrencium, which is now within reach of such spectroscopy studies. Moreover, isotope shift and hyperfine structure measurements 27 of nobelium isotopes are now feasible, and would constitute a valuable contribution to nuclear structure studies of deformed nuclei of elements in the region of the periodic table near the super-heavy elements-elements that exist only as a result of nuclear shell structure. These sophisticated alternatives to established in-beam and decay spectroscopy approaches 28 provide complementary information on single-particle and collective properties, as well as spin assignments, and will enable critical testing and revision of state-ofthe-art nuclear models.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. , respectively, which remained constant throughout the measurements. The 48 Ca 10+ beam from the UNILAC exhibited a macro-pulse structure of 5 ms beam-on and 15 ms beam-off. Beam currents were typically 0.7 particle microamperes (about 4.4 × 10 12 particles per second). For laser spectroscopy experiments, the beam was further chopped in accordance with user-defined measurement cycles. In the case of 254 No, the implantation rate of the fusion products delivered to the experiment was repeatedly checked by a retractable position-sensitive 16-strip silicon detector placed at the focal plane of SHIP. Radiation detected resonance ionization spectroscopy. The fusion-evaporation residues with a mean kinetic energy of about 41 MeV (ref. 23) were separated from the 48 Ca primary beam by the velocity filter SHIP and subsequently thermalized inside the optical cell, a buffer-gas stopping cell filled with 95-mbar argon of ultrahigh purity (99.9999%). The cell was separated from the vacuum of the SHIP by a 3.5-μ m-thick entrance foil (Mylar) on a support grid; see Extended Data Fig. 1 . The geometrical transparency of the grid amounts to 90.3%. A substantial fraction of the stopped fusion products remained in a positive charged state and was collected during the accumulation time of every measurement cycle onto a catcher filament-a tantalum wire with a diameter of 125 μ m. The filament was heated for 300 ms to a temperature of about 1,350 K, triggering the evaporation of neutral nobelium atoms for subsequent two-step laser ionization 21 . Ions produced during this process were promptly guided by suitable electric fields to a particle detector-a passivated implanted planar silicon (PIPS) semiconductor detector-with which the characteristic α -decay or spontaneous fission of the studied nobelium isotopes and their descendants was registered 17, 21, 23 . The optimum accumulation time depends on the half-life of the isotope under consideration and was 25 s (ref. No (T 1/2 = 2.42 ± 0.06 s). We further introduced 'waiting' cycles by interrupting the data acquisition while changing the laser frequencies. In Fig. 1a , for instance, a 'waiting' cycle of 5 min was chosen, which was necessary especially in the case of 254 No, to minimize residual 254 No α -decay events that might lead to counts not belonging to the chosen laser frequency. The absolute temperature of the filament was monitored using a fast infrared pyrometer (LumaSense, IMPAC IS 6 Advanced). The temperature was adjusted to the nominal value when necessary to prevent overheating, which was observed to lead to increased background in preparatory experiments. Laser set-up for nobelium spectroscopy. The extended level search in nobelium was carried out using four tunable excimer laser-pumped dye lasers (Lambda Physik, FL and LPD series, bandwidth of 5.5 ± 0.5 GHz) and an optical parametric oscillator (OPO) system (GWU-Lasertechnik, VisIR2, bandwidth of about 90 GHz) pumped by a frequency-tripled Nd:YAG laser (Continuum, Powerlite DLS 8050). Except for the 50-Hz Nd:YAG laser, all the other pump lasers were operated at a repetition rate of 100 Hz. The duration of the laser pulse was at most 18 ns (FWHM) with a jitter of < 11 ns for all pulses. The dye lasers were set up to scan in the range 25,000-31,000 cm −1 . However, during the level search in nobelium, the scans were conducted mainly in the ultraviolet region of the optical spectrum. With a mean step size of about 0.89 cm −1 , we thereby covered more than twice the spectral range from 28,887 cm −1 to 30,530 cm −1
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. With the OPO system, operated in a frequency-mixing mode, and by choosing a scan step size of 3 cm −1 , adapted to the laser bandwidth, multiple scans from 30,000 cm −1 to 33,191 cm −1 were conducted. The laser wavelengths were continuously monitored with a wavelength meter (HighFinesse-Ångstrom, WS/7-UVU) that was calibrated to an internal neon lamp. Laser pulse energies in excess of 0.1 mJ were repeatedly measured at the optical cell for all tunable lasers. For efficient use of beam time, the lasers were operated simultaneously in different wavelength ranges. They were synchronized with excimer laser synchronization units (Lambda Physik, LPA 97) with respect to the ionizing laser-an excimer laser (Lambda Physik, LPX220) delivering an average pulse energy of 45 mJ of broadband laser light in the wavelength range 349-353 nm at the optical cell. The total photon energy available for ionization was much higher than all theoretical predictions and extrapolations of the ionization potential of nobelium (Table 1 ). The scans near the ionization potential were performed by replacing the excimer ionizing laser with a tunable dye laser scanning in the blue range of the optical spectrum. Only two dye lasers were operated simultaneously. In addition, the dye lasers enabled the use of intra-cavity etalons and thus a narrowing of the laser bandwidth down to 1.2 GHz. The narrow resonance shown in Fig. 1a (spheres) was recorded using this option. More details on the laser systems used can be found in ref. 23 . RADRIS efficiency. The overall efficiency of the set-up is defined as the ratio of the nobelium decay count rate measured with the PIPS detector A RIS at the maximum of a resonance to the implantation rate of nobelium ions delivered to the optical cell A ion , both normalized to the intensity of the primary beam. The spatial distribution of the 254 No ions delivered to the experiment is best described by a two-dimensional Gaussian distribution with σ x = 22 mm and σ y = 5.7 mm on the basis of a measurement with the position-sensitive 16-strip silicon detector exhibiting an active area of 80 mm × 35 mm. The ion implantation rate was extracted from the α -decay count rate A α measured with this detector according to A ion = A α /(ε α ε Ω ε daq ), with ε α = 0.9 the α -decay probability for 254 No, ε Ω = 0.55 the solid angle coverage for α decays from implanted 254 No recoils 23 , and ε daq = 0.77 the efficiency for data acquisition, which was limited to the beam-off time windows during which data recording occurred. On average, decay rates in the PIPS detector of 0.39 ± 0.05 and 0.048 ± 0.006 per second per particle microampere (6.2 × 10 12 48 Ca projectiles per second) were obtained for 254 No and 252 No, respectively. With these numbers, an overall efficiency of the apparatus of 6.4% ± 1% and 3.3% ± 1% was calculated for 254 No and 252 No, respectively, demonstrating the high efficiency of the applied spectroscopy technique. The difference in the quoted numbers is mainly due to the half-lives of the isotopes under investigation. In the spectroscopy of 252 No, a shortest possible beam-off period of 3 s was applied. Even though the measurement cycle was optimized to minimize the impact of the half-life on the overall efficiency, the spectroscopy of 252 No turned out to be less efficient than that of 254 No.
